Abstract: A simple method based on a designed pseudo-pilot is proposed for both carrier frequency offset (CFO) and phase noise (PN) estimation for the coherent optical offsetquadratic-amplitude modulation (QAM) based filterbank multicarrier (CO-FBMC/OQAM) transmission. Numerical simulations are performed to evaluate the performance of the proposed scheme for a 20 GBd/s FBMC/OQAM system. The simulation results show that a robust and precise CFO and PN estimation can be achieved simultaneously in comparison with traditional methods. For the CFO estimation, our method can achieve a wide CFO estimation range of [−10, +10 GHz]. As for the PN compensation, the tolerable combined laser linewidths under 1 dB optical signal noise ratio (OSNR) penalty constraint for 4/8/16/32-QAM are around 1.6 MHz, 0.8 MHz, 500 kHz, and 250 kHz, respectively. The results indicate that the proposed scheme can be used for a wide range CFO and PN compensation with better transmission performance in high speed CO-FBMC/OQAM system.
Joint Carrier Frequency Offset and Phase Noise Estimation Based on Pseudo-Pilot in CO-FBMC/OQAM System

Introduction
Recently, coherent optical offset-QAM-based filterbank multicarrier (CO-FBMC/OQAM) system has developed very quickly as a promising candidate for high-speed long-haul optical fiber transmission [1] - [6] . It provides a higher spectral efficiency (SE), a less out-of-band leakage and a more robustness against fiber dispersion and timing errors than the coherent optical orthogonal frequency division multiplexing (CO-OFDM) [7] , [8] . Both carrier frequency offset (CFO) and phase noise (PN) are two main transmission impairments due to the use of free-running lasers as carrier source at the transmitter side as well as the local oscillator (LO) laser at the receiver side [9] , [10] . CO-FBMC/OQAM signal as a multi-carrier signal is known to be vulnerable to both PN and CFO. Different from QAM signal, where PN leads to sole constellation rotation, phase noise results in additional crosstalk for OQAM because of the intrinsic imaginary interference (IMI) [11] , [12] . Therefore, OQAM imposes a strict requirement on the laser linewidth, and generally a laser linewidth of several kHz is indispensable for achieving its benefit. Moreover, the CFO between the local oscillator (LO) and the carrier laser source brings the loss of orthogonality, leading to additional crosstalk.
Thus, both precise estimation and correct compensation of CFO and PN for CO-FBMC/OQAM is very urgent and necessary in future optical communication systems. Blind phase search (BPS) is the most popular laser linewidth-tolerant algorithm which can be applied to arbitrary modulation formats [13] . The authors in [14] proposed a modified blind phase tracking (MBPS) to adapt conventional BPS to the OQAM modulation for OQAM Nyquist-WDM system. A modified BPS with lower complexity (LC-BPS) in [15] was developed for FBMC/OQAM system. These modified BPS methods make the traditional BPS applicable to OQAM symbols, but both BPS based methods suffer a large amount of calculations and can't apply to huge laser linewidth. Furthermore, all those methods are designed without considering the CFO. However, since the commercially available lasers usually have a frequency accuracy with ± 2.5 GHz over the lifetime, the practical requirement of the CFO estimation (CFOE) algorithm should be satisfied as long as the estimation range is close to [−5 GHz, +5 GHz] [16] . Therefore, BPS algorithm is generally implemented after the CFO estimation module. Considering the CFOE, Moose gives the maximum likelihood estimator for the CFO which is calculated in the frequency domain after taking the FFT [17] . The limit of the acquisition range for the CFO is the subcarrier spacing. He also describes how to increase this range by using shorter training symbols to find the CFO. This change will work to some extent, but the estimates get worse as the training symbols is shorter because there are fewer samples over which to average. The classic Schmidl and Cox (SC) algorithm divides the frequency offset into the fraction and the integer part of the subcarrier spacing and estimates two kinds of frequency offsets, respectively, by using two training symbols [18] . The estimation precision enhances at the expense of small estimation range. Another approach for the FO estimation is based on a pilot subcarrier at the center of FBMC/OQAM spectra [19] , [20] . By extracting the phase of the RF-pilot, the phase impairments induced by the CFO can be estimated. However, the receiver cannot attract the RF-pilot accurately if the CFO exceeds the low-pass filter (LPF) filter range.
In this paper, a simple and highly efficient pseudo-pilot based joint carrier frequency offset and phase noise estimation (PP-CFO-PNE) scheme is proposed. Here, pseudo-pilot is the data symbol which can be used as pilot. In particular, it is shown that our PP-CFO-PNE method avoids the intrinsic imaginary interference (IMI) without the same amount of sacrifice of SE as that of general pilot. It can be used to extract a complete CFO range of ± symbol rate/2 which is independent of modulation format and at the same time realize a large range of PNE with a feature of low computational complexity. Especially, phase unwrapping is unnecessary, indicating of no occurrence of cycle slips at either low SNR or wider laser linewidth.
Operation Principle
FBMC/OQAM System With Phase Noise and Carrier Frequency Offset
In a typical CO-FBMC/OQAM system, the transmitted data are first mapped into M-quadrature amplitude modulation (QAM) symbols and then modulated into OQAM symbols. After the pilot insertion, inverse fast Fourier transform (IFFT) and filter bank synthesis (FBS) with poly-phase network (PPN) are used to generate the baseband FBMC/OQAM signal. The discrete time-domain transmitted signal can be written as
Where a m,l and g m,l (n) are the real-valued data and the synthesis filter at the (l, m) th time-frequency index, respectively. e jϕ m,l = e j(m+l−2ml)π/2 is the poly-phase modulation factor. The (l, m) th synthesis filter is defined as
The phase item e j(
2 ) is inserted to have a causal filter, and g[n] is the prototype filter (PF) [21] , [22] . The FBMC/OQAM signal in the electrical domain is finally modulated to optical domain by an optical IQ modulator.
At the receiver side, the optical FBMC/OQAM signal is first converted to the baseband by a 90 degree hybrid and then demodulated by the FBMC/OQAM demodulation module. In order to focus on the influence of the CFO and the PN, all linear and nonlinear transmission impairments arising from the fiber optical channel are compensated entirely. Thus, all the channel response on each subcarrier is treated as flat and time-invariant. Consequently, the block of channel estimation in our model simply acts as the power normalization. Under the condition of no synchronization error, r(n) as the received baseband FBMC/OQAM signal can be written as
Eq. (4) shows the laser PN being modeled as a Winner process, where ω(n) is a sequence of independence and identically distributed Gaussian random variables with mean zero and variance of σ 2 = 2π vT . Here, v is the combined laser linewidth of the transmitter and the local oscillator (LO) laser. T is the normalized FBMC/OQAM symbol duration, i.e., T = (1/B ) × M with B and M being the baud rate of data and the number of subcarriers, respectively. In Eq. (3), A is the attenuation coefficient, f is the CFO between the transmitted laser and LO, T s = 1/B is the symbol duration, and ε(n) refers to the amplified spontaneous emission (ASE) modeled as an additive complex white Gaussian noise (AWGN). For the FBMC demodulation, a hardware-efficient structure of polyphase filter bank analysis (FBA) followed by a fast Fourier transform (FFT) operator is employed. The corresponding analysis filter on m th subcarrier is similar to Eq. (2) but with an inverted sign on the exponential component when we do the poly phase network. We employ the matched filter to maximize the signal to noise ratio (SNR). Under the condition of laser phase noise and carrier frequency offset, the complex valued output signal at the (l 0 , m 0 ) th time-frequency index can be written as
[n], Eq. (5) could be simplified as
As for the PN-and-CFO-free scenario, the real-valued symbols can be recovered simply by taking the real operator of Eq. (6), because the second term in the parentheses is a pure imaginary value which can be treated as the IMI coming from neighboring symbols. However, it is not true at the Table) or Odd n (Lower Table) presence of PN-and-CFO, because the second term in the parentheses is not a pure imaginarynumber anymore. In this case, a CFO-and-PN estimation and compensation before the decision in the FBMC demodulation is necessary.
Principle of Our PP-CFO-PNE
The CFO and PN estimation are based on the pseudo pilots, however, the pilots are influenced by the IMI of FBMC/OQAM system. Therefore, a proper pilot which can eliminate the IMI should be designed. The pseudo pilot subcarrier, whose data is unknown just the same as the other FBMC symbols, with its adjacent two subcarriers can be designed as follows: firstly, the pseudo pilot is alternated with zero in the data structure, here we define the pseudo pilot as
is the total number of pseudo pilots for specific subcarriers. The symbol corresponding to the pilot position in the next subcarrier is defined as
And the matrix expression of the data symbol is like
is a compensate vector which is used to multiply with d K like
where d is a 2 × 2K matrix and k = 1, 2 · · · K . After the compensation, the pseudo pilot subcarrier with its adjacent two subcarriers can be expressed as
Here, the IMI at each pseudo pilot can be calculated from the real-valued signals with the matrix multiplication as
where U is the matrix of imaginary interference coefficients, and given by the Table 1 . And from this result, the induced IMI to every pseudo pilot is almost zero. From the result of matrix multiplication, the pseudo pilots are all prevented from the IMI. In order to estimate the PN of every FBMC symbols, two pseudo pilot subcarriers are inserted at the FBMC data structure, one is at the odd position of the subcarrier and the other one is at the even position. Furthermore, a DC offset is added to select the pseudo-pilot from the unknown data and eliminate the influence of the inserting zeros in pseudo-pilot subcarriers. The principle of adding DC bias is that all of the pseudo pilots change to positive real-valued and the unknown data on the two different pseudo pilot subcarriers are adding different bias value. Here, the DC offset should be larger than the maximum value of QAM so as to make every pseudo pilot become the positive real-valued pilot and the DC offset added to the first subcarrier is twice as big as the second one.
Utilizing these pseudo pilots, we derive the pseudo pilot based FBMC/OQAM joint carrier frequency offset and phase noise estimation (PP-CFO-PNE) method as follows. Based on the specially designed pseudo pilots, we can easily get the spectral of the pseudo pilot with different intensity at the transmitter side and receiver side. The received spectrum is shifted in the homodyne coherent receiver due to the frequency offset between the transmitting and LO laser. Therefore, in order to cope with the CFO, the first step shown in the Fig. 1 as the CFOE of PP-CFO-PNE is operated. Depending on the size of FO proportionally reflected in the shifted degree of the power characteristic of one of the subcarriers of pseudo pilots, FO can be easily estimated on the CFOE of PP-CFO-PNE by finding the spectral peak value, as schematically shown in Fig. 2 .
The discrete spectrum of the received signal is obtained by doing the FFT on N (the number of total received signals in the time domain) received symbols. And the power of signal discrete spectrum can be expressed as
Where r(n) represents the n th received sample in the time domain, and R(k) means the K th sample in the frequency domain. The frequency resolution is f s = F S /N . Fig. 2 depicts the frequency distribution corresponding to FFT output samples. Where the zero frequency component is returned to the middle of spectrum.
The position of the second pseudo pilot subcarrier in transmitting discrete spectrum is
As the position of pseudo pilot is located in the second subcarrier, and M is the total number of subcarriers, so N M can describe the shift of second subcarrier from the first subcarrier in frequency distribution, N 2 + 1 is the position of the first subcarrier, and this index means that the location of this subcarrier is the second subcarrier. Then the CFO could be estimated by comparing the location of peak value in the discrete spectrum of the received signal with the index1,
Then the signal with the CFOE of PP-CFO-PNE is written as
where n means the n th receiving signal. 
From Eq. (11), ϕ l = ϕ(l ) + 2π f r l · T stands for the joint RFO and PN, and it can be estimated only if the ju m,l can be known for the general pilot, likê
where N P is the number of pilots. It can be seen that the accuracy of such estimation is determined by the pre-known IMI. Unfortunately, the IMI can't be obtained in advanced as it is data dependent. Therefore, the traditional pilot based method couldn't be directly used into the OQAM system for the estimation. As we mentioned before, in order to employ this simple estimation technology, the first step is that we use the new data structure which can suppress the IMI in the pseudo pilot position. Under this structure, Eq. (16) could be simplified aŝ
When single one pilot for every FBMC/OQAM signal is used to do the estimation, N P = 1 is satisfied.
In the previous pilot based joint RFO and PN estimation (PB-RFO-PNE), the reference pilot must be pre-known. But for the proposed pseudo pilot structure, the pseudo pilots are all positive real-value, so we can discard the transmitted information of pseudo pilots as the pseudo pilots are all without initial phase. The diagram comparison between the PB-RFO-PNE scheme and the RFOPNE of PP-CFO-PNE scheme is shown in Fig. 4(b) . Fig. 4(b) also shows that the pseudo pilots are only influenced by the PN as they just rotate from their initial position. Since their initial position are all in the positive real axis, the initial phase is zeros. With the RFOPNE of PP-CFO-PNE scheme, the RFO and PN can be estimated without reference pilot aŝ
The Fig. 4(a) depicts the block diagram of the RFOPNE of PP-CFO-PNE scheme. We first extract the pseudo pilots from their position in the data structure. Next we use Eq. (18) to get the residual frequency offset and phase noise in every different time l. Finally we use the estimatedφ l to compensate every FBMC/OQAM received signal aŝ The comparison between the pilot-based (PB) RFOPNE scheme and the RFOPNE of PP-CFO-PNE scheme. In our scheme, the reference pilots are not necessary at the receiver and they can be used to carry data. The constellation plots are pictured with OSNR of 25 dB under 2 MHz of laser linewidth on the 16QAM CO-FBMC/OQAM system.
Results and Discussions
Simulation Setup and FBMC/OQAM Frame Structure
To investigate the performance of the proposed PP-CFO-PNE algorithms, comprehensive simulations have been carried out for a 20 Gbaud/s CO-FBMC/OQAM system, as shown in Fig. 1 . In the FBMC/OQAM modulation, the FBMC/OQAM baseband signals are generated by following several steps. Firstly, the number of sub-carriers is 256 and the symbol rate is set to 20 GBaud/s. A pseudorandom bit sequence (PRBS) with a word length of 20 is mapped into m-QAM. Through QAM to PAM module, which means the real and the imaginary parts (i.e., pulse amplitude modulation (PAM)) of a complex symbol (QAM data) are not modulated simultaneously but the imaginary part is delayed (staggered) by half of a symbol duration, all the QAM symbols are converted into parallel OQAM data. After the design of pseudo pilot, all data sequences are through FFT and FBS-PPN to generate FBMC/OQAM symbols in the time domain. The FBMC/OQAM frame structure is shown in Fig. 3 , while the sampling rate of ADC is 40 GS/s. After the modulation, optical signals are generated by the IQ modulator. In order to focus on the effect of CFO and PN, only one polarization is taken into consideration. Then all optical signals are sent into fiber for optical transmission.
At the receiver side, ASE noise loading is used to adjust the OSNR, and the incoming optical signal is first converted into the equivalent baseband signal in the electrical domain by using a hybrid coherent detection. On the FBMC/OQAM demodulation side, the received analog signals are sampled by analogue-to-digital converters (ADCs) and fed into the offline digital signal processing (DSP) module. Firstly, the coarse CFOE is realized through the module of the CFOE of PP-CFO-PNE in the time domain. Then the frequency domain signals can be obtained through FFT and FBS-PPN. The frequency domain signals are through the RFOPNE of PP-CFO-PNE to mitigate the influence of the RFO and PN. After that, all recovered signals are converted into the bit sequence for the BER calculation
Simulation Results
The performance of PP-CFO-PNE, Schmidl and Cox (SC) + auxiliary pilot (AP) and SC+MBPS method is compared and analyzed in this section. Firstly, for the achievement of SC+MBPS algorithm, two training symbols is constructed by the classic SC algorithm, which is used for the estimation of both the integer-frequency-offset and the fractional-frequency-offset. All subcarriers are used for the data transmission and PNE of MBPS. Then for SC+AP, the same training symbols structure is used for the achievement of SC, and as there is IMI in this system, there should be two adjacent symbols which are used as the AP [20] in order to compensate the influence of IMI to the pilot. And for every FBMC/OQAM symbol, two pilots are used for SC+AP method for every FBMC symbol so that there are 6 subcarriers' loss for every symbol. The results are shown in Fig. 5 , and 16QAM is chosen in this part. Here, NL is short for normalized linewidth, which means ν · T . The theoretical curves are presented with only AWGN as the benchmark. The performance is plotted with/without a PN of ν · T = 1.28 × 10 −3 and a CFO of 5 GHz. Without the PN, the PP-CFO-PNE gets the BER of 3.8 × 10 −3 when the OSNR is 15.2 dB without CFO and 17 dB with the CFO of 5 GHz. At the same time, the SC+AP could reach the FEC threshold at the OSNR of 15 dB without CFO and 17.1 dB with the CFO of 5 GHz. The result shows that our method has a good tolerance to pure CFO as there is little OSNR penalty (1.8 dB) to reach the theoretical curves. But for the method of SC+MBPS, the BER turns into 3.8 × 10 −3 until the OSNR is increased to 42.2 dB and 42.1 dB for the situation without and with CFO, respectively. The reason of this phenomenon is that the SC algorithm is based on the relevance of trains-sequence, but the AWGN is able to hugely destroy this relevance and adds random noise to train-sequence to delete the relevance. Since the AWGN noise is a random noise to be added to the train sequence, it would add random phase fluctuation between the same training sequence, and the SC algorithm would bring the estimation error of frequency offset because of the loss of relevance. Then since the MBPS could not tolerate the huge residual frequency offset or phase noise, so from this result, after we adding the MBPS to compensate the RFO and PN of the SC algorithm, the performance can't have improvements. With PN, the PP-CFO-PNE and SC+AP could reach the BER of 3.8 × 10 −3 while the OSNR is The SE Loss of Three Methods 17 dB and 17.3 dB, respectively. But for SC+MBPS, the performance becomes too terrible to be evaluated. Fig. 6 shows the performance evolution of the proposed scheme with 4/8/16/64-QAM against normalized linewidth in terms of OSNR penalties. An acceptable of maximum 1 dB OSNR penalty is taken as a threshold for comparison. Under the 1 dB OSNR penalty constraint, the tolerable combined laser linewidths for 4/8/16/32-QAM with PP-CFO-PNE are around 1.6 MHz, 0.8 MHz, 500 kHz, and 250 kHz, respectively. As a comparison, the tolerable combined laser linewidths for 4/8/16/32-QAM with SC+AP are around 1.4 MHz, 0.8 MHz, 400 kHz, and 150 kHz, respectively. Furthermore, the tolerable combined laser linewidths for 8/16/32-QAM with MBPS are around 400 kHz, 200 kHz and 2 kHz, respectively. And for 4-QAM, as the total tolerance of combined linewidth is 500 kHz, so an acceptable of maximum 1 dB OSNR penalty cannot be found. It indicates that 256 subcarriers 20 Gbaud CO-FBMC/OQAM system can work well with the current 100 kHz ECL's commercial linewidth for up to 32-QAM. Fig. 7 shows the BER versus CFO when the QAM order is 4, 8, 16 and 32, relatively. The results show that the PP-CFO-PNE could achieve a quite large CFO estimation range of [−10GHz, +10GHz] no matter the QAM order is set to 4, 8, 16 or 32 while the SC+AP could achieve almost a range of [−7GHz,+7GHz] and the performance of SC is hugely depended on the OSNR. As the OSNR is low, the CFO cannot be compensated totally. The reason is that our PP-CFO-PNE determined by the baseband spectrum range as we just use the peak-value characteristics of pseudo pilot.
The spectral efficiency (SE) has also been compared with PP-CFO-PNE and other methods, and the results are submarined in the Table 2 . The performance of PP-CFO-PNE with the highest SE has obvious improvement than SC-MBPS and a specific increase than SC+AP.
Conclusion
We have proposed a pseudo-pilot based joint carrier frequency offset and phase noise estimation (PP-CFO-PNE) algorithm for wide range CFO estimation and large linewidth of used laser source. Due to the special design of the pseudo pilots, the structure of pseudo pilots can suppress the IMI arising in the CO-FBMC/OQAM system. With the pseudo pilots, the PP-CFO-PNE algorithm can realize both the CFO and the PN compensation. The algorithm has been numerically investigated with the normalized linewidth, frequency offset and OSNR in a CO-FBMC/OQAM system with various QAM orders. The results show that the proposed algorithm can achieve a much more increase on the performance of CFO (10 GHz) and PN (more than 1 MHz) than the previously used algorithm with the higher SE. The results indicate the feasibility and availability of the proposed algorithm for joint estimation of CFO and PN in a practical CO-FBMC/OQAM system.
